Abstract-In order to improve the resolution of microwave biomedical imaging, a new method has been proposed in this paper, using a water-immersed wide band horn antenna at S-band. Considering the microwave penetration depth and the reflection at the interface between tissues and environment in deionized water, 2.45 GHz is selected as the central frequency of this antenna. Due to the high dielectric constant of water, the design of the impedance matching structure between the coaxial line and rectangular waveguide is most challenging. Therefore, the idea that using water as the medium of the coaxial impedance matching structure is proposed to deal with the problem of processing in our work. Simulated and experimental results show that this antenna has good impedance characteristics (S 11 < −10 dB from 2.1 GHz to 3.8 GHz), good reasonable losses (5.1 dB total for two antennas and coaxial line at 3 GHz), and high maximum gain (8.52 dBi at 2.45 GHz).
INTRODUCTION
Microwave tomography is one of the new technologies which may have a potential use in biomedical imaging due to the ability to image the object possessing a complicated, nonlinear, high dielectric contrast inverse problem of diffraction tomography. Meanwhile, compared with the common imaging method, such as X-ray [1] , nuclear magnetic resonance (NMR) [2] , and ultrasonic imaging [3] , microwave tomography (MWT) has the following advantages [4] . First, it is totally noninvasive as currently used tomographic systems. Second, the energy of "photons" in the microwave region is small enough to avoid ionization effects. Third, all tomographic systems for internal body imaging are based on the differentiation of tissue properties. So it has the ability to image bulk electrical properties as a feature of tissue that cannot be imaged by most other modalities. Finally, it can reconstruct frequency-dependent permittivity and conductivity profiles of living tissue quantitatively, without the use of contrast agents, as a way of identifying physiological conditions of those tissues.
However, what are some of the main problems hindering the applications of MWT imaging systems [5] ? First, there is a contradiction between loss of incident electromagnetic wave signal and spatial resolution of the system. So microwave frequency [6] is usually selected between 1 and 4 GHz. Next, the incident signal will be greatly reflected at the interface between medium and tissues [7] leading to the signals inside the tissues too small. This problem can be well solved by encircling the tissues with the deionized water due to the suitable impedance matching between deionized water and tissues. Last, on the condition that the transmission loss and phase shift through a lossy dielectric are measured in a non-anechoic environment, the majority of the received signals by antennas may have not passed through the biological tissues due to multipath effect. Therefore, the biological tissues should be placed in an anechoic environment (such as water) to make high-quality measurements [8] .
Above all, a water-immersed wide-band horn antenna with a water-filled coaxial impedance matching structure at S-band is proposed in this paper due to its appropriate size and frequency, the valid suppression of the reflection at the medium -target interface as well as higher resolution for biological imaging.
This paper is organized as follows. First, the attractive application prospects for nondestructive testing and evaluation of biological tissues using this antenna are discussed in the first part: Introduction. The structure of this water-immersed wide-band horn antenna is presented in the second part. Thirdly, S 11 , S 21 , 2-D and 3-D directivity pattern are calculated using the CST microwave studio [9] . The experimental results of S 11 , S 21 , 2-D directivity pattern at E-plane and H-plane are compared with that of simulation, which fits very well in the error range. Finally, some useful conclusions are given.
STRUCTURE OF THE ANTENNA
The geometry of the water-immersed wide-band horn antenna is presented in Fig. 1 , and Table 1 gives the corresponding values of main parameters of this antenna. Here, the standard rectangular waveguide BJ220 with the length of 10.668 mm and width of 4.318 mm is selected. Since the working frequency range is from 17.6 GHz to 26.7 GHz in air, the corresponding frequency range is about 1.98 GHz to 3.02 GHz in water. The optimized height of the waveguide is about 5.2 mm. In virtue of the high dielectric constant of water whose average relative permittivity from 2 GHz to 4 GHz is about 77, its specific resistance value is about 43 Ω (120π/ √ 77). It is hard to realize the matching transition from the coaxial line of 50 Ω to the water-immersed wide-band horn antenna directly. Therefore, the impedance matching between the coaxial line and rectangular waveguide will be most challenging in the design of this antenna.
As well known, the larger the size of the waveguide is, the larger impedance it has. Therefore, the impedance decreases gradually from the big mouth to the small mouth of the horn. Since the impedance of horn at the big mouth is about 43 Ω, the impedance at the small mouth will be too small to match with the coaxial line. It is necessary to design an impedance matching structure between the horn antenna and the coaxial line of 50 Ω, which is proposed and shown in Fig. 1(c) . It can be seen that the coaxial line with the height of 3.2 mm can be divided into four sections, and the same impedance of the first two sections is 8 Ω with different lengths respectively 2.759 mm and 3.46 mm. In addition, the third section has the impedance of 20 Ω with a length of 18 mm while the fourth section is just the coaxial structure with an impedance of 50 Ω to match the universal long cable. Based on the simplicity and operability of processing, the selection of medium of the coaxial structure and the design of the inner and outer diameters of medium of the coaxial structure mainly influence the performance of this antenna. The antenna has a better performance on condition that the diameter of the probe is about 0.64 mm and that the impedance of the first section of the coaxial structure is about 8 Ω. It is impossible to process this coaxial structure using a conventional bar as its medium. On the above account, the idea that using water as the medium of the coaxial structure is proposed to deal with the problem of processing in our work. Since the relative permittivity of water at 2.45 GHz is about 78.4, the outer diameter of first section of the coaxial structure is about 2.1 mm. The medium of the third section is Teflon (ε r = 2.2), and the thickness of Teflon should not be too thin to be processed, so the inner diameter of 2.38 mm and outer diameter of 3.9 mm are selected. The second section is just an excessive structure between the first and third sections with the inner diameter of 1.2 mm and outer diameter of 3.9 mm.
The conventional double ridges structure with width of 4 mm is utilized to improve the frequency range of this antenna, as shown in Figs. 1(a), (b) and (c). The solution of ridge curve is a key part of ridge horn design, and it is usually an exponential curve, as shown in Fig. 2 . Its mathematical form can be given by Equation (1) [10] :
where X represents the length of the ridge, and Y is the height of the ridge while A, C and k are related constants of the ridge curve. It can be seen from waveguide in Fig. 1(c) , which is marked in red. Based on the structure and corresponding parameters of this antenna in Fig. 1 , the range of the values of X is from 0 to h 2 , and the range of the values of Y is from d 3 /2 to b 2 .
The wave impedance at the exit of the horn antenna should be calculated strictly from the wave mode theory, but its calculation is very heavy [10, 11] . Therefore, a simplified design is necessary. The impedance at the exit of the horn antenna can be regarded as the wave impedance of water, and the water is equivalent to the terminal load of the horn antenna. The horn antenna itself can be considered as the impedance matching converter between the feed source and terminal load, and the double ridges play important roles for impedance matching. The impedance calculation of the double ridges in the rectangular waveguide can be found from [10, 11] .
The impedances of this antenna at X = 0 and X = h 3 are respectively 8 Ω and 43 Ω, and the impedance at X = h 3 /2 can be approximately expressed as the average value of 8 Ω and 43 Ω, which is just 25.5 Ω. If substituting the above parameters into Equation (1), it is easy to get three simultaneous equations. Then, the values of A, k and C can be obtained. In addition, there are a short ridge at the Table 1 are selected. Because the frequency changing with h 1 is not very obvious, and there is a very little difference among these simulation results, the middle value 5.2 mm of h 1 is a good choice. Of course, the value of h 1 from 4.7 mm to 6.2 mm can also be selected.
SIMULATION RESULTS AND EXPERIMENTAL RESULTS
This simulation is carried out by the CST microwave studio [9] . In the simulation model, as shown in Fig. 4 , the operating frequency is from 1.5 GHz to 4 GHz. In order to calculate the microwave transmission loss in water, the surrounding medium of the structure during simulation is set as deionized water, and all the components of this antenna are immersed in the deionized water. The coaxial line is perpendicular to the rectangular waveguide for generating the TE mode microwave signal, and the excitation signal is fed at the end of the coaxial line through a wave port. The open boundary is applied to the six surfaces of the box to make sure that the reflected wave totally vanishes.
To measure S 11 of the single antenna and S 21 between the two antennas, a set of swept transmission loss measurements were implemented [12] . As shown in Fig. 5(a) , the tested antennas are placed at the center of the 40 cm × 24 cm × 35 cm glass tank (at the depth of 15 cm) filled fully with deionized water. Two designed antennas were fixed by two aluminum alloy supports, and there was an adjustable clamp at the end of the support to fix the antenna. Compared with the measurement in Fig. 5(a) , the vector network analyzer is replaced by a group of measurement devices, which include a microwave power source, an amplifier of 20 dB, and an Agilent N1913A power meter shown in Fig. 5(b) . The reasons are that water [5] is a very large lossy medium (382 dB/m at 3 GHz), and the energy of radiation signal received by another antenna will rapidly decrease as the angle increases. If the angle is large enough, the received signal will be too small to be extracted from the noise. Figure 6 demonstrates the comparisons of S 11 of the single antenna and S 21 of two antennas with a distance of 5 mm and a distance of 50 mm submerged in deionized water between the experimental and simulation results. It can be seen that the experimental results S 11 and S 21 both agree with that of simulated results from 1.5 GHz to 4 GHz, and the S 11 < −10 dB is from 2.1 GHz to 3.8 GHz, which shows a good performance of this wide-band horn antenna. However, there is a little difference between the center frequency of experiment and that of simulation. The reason is that the relative dielectric constant value of water in simulation from 2 GHz to 4 GHz may be different from the value of water used in experiment. The water in simulation is characterized by the first Debye mode [13] [14] [15] , and the relative dielectric constant of water in simulation from 2 GHz to 4 GHz can be found in Fig. 6(c) . Since (c) Figure 6 . The simulated and experimental S 11 of a single antenna, S 21 of two antennas with a distance of (a) 5 mm, (b) 50 mm between them, (c) the relative dielectric constant of water from 1.5 GHz to 4 GHz using first Debye model. polar liquid (like water) shows anomalous dispersion in radio frequency band, the refractive index and dielectric constant decrease as the frequency increases, which is called dielectric relaxation. According to above situation, Debye put forward the relaxation theory, which points out that the dipole orientation is hindered by intermolecular interaction and thermal motion under the action of external electric field. Therefore, the molecule of water can be regarded as a sphere in a continuous medium with macroscopic viscosity, which can be described by a viscous damping model (Debye mode). In addition, the relative dielectric constant of water in experiment is affected by the temperature and the conductive ion density in water. The real part of the relative dielectric constant of water varies with the temperature, which will result in the offset of center frequency. Meantime, the imaginary part of the relative dielectric constant of water will be bigger due to the bigger conductive ion density, which will lead to bigger transmission loss. The temperature and conductive ion density in experiment cannot be ensured absolutely same as that in simulation. It needs to be noticed that the little difference of center frequency (< 0.2 GHz) and transmission loss (< 8 dB) between experimental and simulated results is totally acceptable. From Fig. 6(a) , S 21 is about −32.57 dB at 3 GHz, subtracting the large loss (382 dB/m at 3 GHz) of water [5] , which is about 27.4 dB (71.8 mm), the combined loss of two antennas and coaxial lines is just about 5.1 dB at 3 GHz. Meanwhile, the combined loss L can also be calculated by Equation (2) The simulated E-patterns and H-patterns at 2 GHz, 2.45 GHz and 3 GHz with the distance of 50 mm between two antennas are presented in Figs. 8(a) and (b) , respectively, and the corresponding results of experiment are presented in Figs. 8(c) and (d) . It can be seen that there is a big difference between the simulated results and experimental ones. The reason is that the simulation results have not included the absorption loss in water. The experimental 2-D radiation pattern in E-plate at 0 degree for 3 GHz is −39.019 dB, subtracting the 23 dB gain of amplifier, adding the 3.5 dB loss of the coaxial line, the 44.62 dB absorption loss in water (116.8 mm) [5] and the 33.07 dB transmission loss (50 mm) which is equal to 20 log(4πR/λ g ), then halving the calculated value, the experimental gain 10.641 dB of this antenna can be obtained. In addition, the gain G of one single antenna can be calculated by Equation (3):
G ≈ (−39.019 − 23 + 3.5 + 20 log(4π × 50/13.95) + 382 × 0.1168)/2 dB = 8.35 dB (3) The value of the experimental gain agrees very well with that of simulation. In the same way, excluding the above interferential factors, the experimental results will be identical to simulated ones. Meanwhile, the experimental radiation gain decreases as the frequency increases, which just fits the variation tendency of the transmission lines in Figs. 6(a) and (b) .
